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I . INTRODUCTION
This report describes a technique that allows visual determination
of both qualitative and quantitative heat transfer and fluid flow informa-
tion on heated objects placed in forced convection environments. Cholesteric
liquid crystals, a commercially available material that exhibits brilliant
changes in color over discrete, reproducible temperature bands, are used
as the temperature sensor in the technique. By appropriate calibration,
the colors displayed by the liquid crystal material can be accurately
related to the temperature of the material. This allows one to visually
observe select isotherms and, further, can be used to infer the location
of points of flow separation and boundary layer reattachment. The colors
displayed by the liquid crystal material also give a dramatic indication
of the influence of turbulence on surface temperature. In a region of
turbulent flow, the colors displayed by the liquid crystal material con-
tinuously dim and glow in response to the "scrubbing" action caused by
random bursts of cool fluid impacting on the heated surface.
The liquid crystal thermographic technique has been used to determine
the circumferencial variation of the Nusselt number on a uniformly heated
right circular cylinder cooled by forced convection in a crossflow of air.
The heated cylinder in crossflow represents a classic heat transfer problem
that has been studied both experimentally and theoretically by numerous
investigators over the last 40 or so years. As such, it served as an
ideal problem to study with the liquid crystal technique since both theo-
retical and experimental results were available for comparison. In the
present investigation, Reynolds numbers were varied from approximately
40,000 to 150,000. This allows the study of both subcritical and critical
flow regimes.
Data were obtained on a 10 cm diameter right circular cylinder con-
structed from a 0.1 cm thick carbon impregnated paper that exhibited an
electrical resistivity of 2.5 ohm-cm. The outer surface of the cylinder
was coated with a thin layer of the liquid crystal material. A known heat
flux was established on the surface of the cylinder by employing the Joulean
heating effect produced by passing a constant current longitudinally through
the resistive paper. The inner hollow space of the cylinder was firmly
packed with glass wool to prevent heat losses into this region. The glass
wool also reinforced the cylinder and aided in resisting deformation due
to the outer flow.
The Nusselt number results obtained in the present investigation com-
pare within the estimated experimental uncertainty (5%) in the forward
stagnation region on the cylinder with the theoretical solutions proposed
by Schuh [1]*, Seban and Chan [2], and Perkins and Leppert [3]. Beyond
approximately 60 , the experimental results rapidly diverge from the
theoretical predictions. This trend is consistent with the experimental
results of Giedt [4], Seban [5], and Meyer [6] and is most probably
explained by the fact that a pressure distribution based on frictionless
fluid flow behavior was used to generate the theoretical curve.
II. BACKGROUND
Liquid Crystals
In 1888, an Austrian botanist, Friedrich Reinitzer, observed that
certain organic compounds appeared to possess two melting points, an
initial melting point that turned the solid phase to a cloudy liquid and
a second melting point at which the cloudy liquid turned clear. Further
research revealed that an intermediate phase, or "mesophase," did indeed
exist between the pure solid phase and pure liquid phase of some organic
Numbers in brackets designate references at end of report.
compounds. Reinitzer termed this phase a "liquid crystal phase," an
appropriate designation when one considers that the liquid crystal phase
exhibits the fluidity of a liquid while at the same time maintaining a degree
of the anisotropic, ordered structure of a crystalline solid. Since
Reinitzer' s original work, a great deal of research concerning the structure
of liquid crystals has been carried out resulting in the classification of
liquid crystals into one of three categories: smectic, nematic, or choles-
teric; the particular category being determined by the molecular structure
of the liquid crystal. In the present work, no attempt was made to study
the details of the molecular structure of liquid crystals. Excellent
papers on this aspect of liquid crystal technology have been published by
Brown and Shaw [7] , Fergason [8] , Fergason and Brown [9] , Dreher, Meir and
Saupe [10], and Castellano and Brown [11]. Of particular interest in the
present investigation were the optical properties exhibited by the liquid
crystal phase and the change that may be produced in the light transmitting
and scattering properties of thin films of liquid crystal materials when
certain fields are impressed on these films.
A variety of externally applied fields including electrical, magnetic,
shear, pressure and thermal fields have been found to produce a change in
the optical properties of liquid crystals. As an example, nematic liquid
crystals, when applied in a very thin film and viewed through a dielectric
material such as glass, appear opaque when an electrical field is applied
but appear transparent in the absence of the electrical field. Smectic
liquid crystals behave in a similar fashion. Although a host of applica-
tions have been and more than likely will continue to be found for the
nematic and smectic type liquid crystals [12-17] , of immediate concern in
our investigation has been the response of cholesteric liquid crystals to
thermal fields and the use of this response to obtain both qualitative
and quantitative heat transfer information.
Cholesteric liquid crystals, as the name implies, are formed from
esters of cholesterol. The property of interest, from a heat transfer
point of view, of the cholesteric type liquid crystal concerns its response
to temperature. Over a known, reproducible range of temperature, the
"event temperature range," the cholesteric liquid crystal will progressively
exhibit all colors of the visible spectrum as it is heated through the
event temperature range. The phenomena is reversible, repeatable and,
with proper care, color can be accurately calibrated with temperature.
The basis for the color change exhibited by the cholesteric type
liquid crystal is a property known as circular dichroism. An incident
beam of unpolarized white light, on striking a film of cholesteric liquid
crystals, is split into two components having electric vectors rotated
in opposite directions. One component is transmitted through the film
while the other component is scattered. The scattered light possesses a
peak wavelength that is a function of temperature and viewing angle. At
temperatures below the event temperature range, the liquid crystal film
selectively scatters only long wavelength electromagnetic radiation
(infrared) and therefore appears colorless. As the material is heated,
however, distrubances produced in intermolecular forces result in a slight
change in the crystalline structure possessed by the liquid crystal mate-
rial. This in turn results in a shift in the wavelength of " scattered
electromagnetic radiation. As the liquid crystal film is brought to a
temperature corresponding to the beginning of the event temperature range,
a wavelength corresponding to the red portion of the electromagnetic
spectrum is scattered. As the temperature of the material is raised
through the event temperature range, one progressively observes red, yellow,
green, blue and violet. With a further increase in temperature, the mate-
rial again appears colorless due to the selective reflection of wavelengths
in the ultraviolet portion of the electromagnetic spectrum. If the liquid
crystal material is allowed to cool back through the event temperature
range, the sequence just described will be reversed. Both the width of
the event temperature range and its placement on the temperature scale can
be controlled by selecting both the appropriate cholesteric esters and the
proportions used in a given formulation. At present, liquid crystals are
commercially available with event temperatures ranging from a few degrees
below zero to several hundred degrees Celsius. Liquid crystals can be
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obtained with event temperature spans as small as 1 C to as large as 50 C.
For optimum brilliance, the cholesteric liquid crystals should be applied
as a thin film (0.003 cm to 0.006 cm) on a black substrate. The black
substrate insures that all light transmitted through the liquid crystal
film is absorbed and therefore is not reflected to compete with the desired
signal.
Pure liquid crystals, although exhibiting brilliant colors, pose
several problems from the point of view of laboratory usage. Once applied
to a specimen, the pure liquid crystals deteriorate rapidly with age
permitting only a few hours of experimentation. They are also susceptible
to contamination with marked alteration in performance resulting from
exposure to many common atmospheric contaminants as well as to ultraviolet
light. Further, the detection of temperature via a change in color is
strongly influenced by viewing angle.
Many of the problems associated with the use of pure cholesteric
liquid crystals have either been eliminated or greatly reduced through an
encapsulating process developed by the National Cash Register Company. The
encapsulated liquid crystals, referred to appropriately enough as Encapsulated
Liquid Crystals, are coated with polyvinyl alcohol. This coating results in
the formation of small spheroids with typical diameters on the order of
20-50 microns. In addition to extending the life of the liquid crystals
to as long as several years by protecting the raw crystals from the damaging
effects of ultraviolet light and atmospheric contaminants, the encapsulation
procedure also greatly reduces the variation of color due to viewing angle.
Further, unlike the pure liquid crystals, the encapsulated liquid crystals
are relatively insensitive to the effects of normal and shearing forces.
Encapsulated liquid crystals can be obtained in one of two forms, either
precoated on a blackened substrate of paper or mylar or in a water based
slurry. For our experiments, the encapsulated liquid crystals were
obtained in slurry form which allowed manual coating of the specimen sur-
face with an ordinary brush.
Prior Work
Cholesteric liquid crystals have been employed in a number of inter-
esting applications over the past several years. To date, the majority of
uses have involved qualitative interpretation of the temperature fields
displayed so colorfully by the liquid crystals, that is to say, observing
hot and cold regions without regard to precise temperature levels. In the
field of non-destructive testing, liquid crystals have been used to check
for irregularities on bonded structures [18-20] , to observe regions of
overheating on electronics equipment [15, 19, 20], to check for flow
blockages in heat exchangers [21], as crack detectors on aircraft structure
[21], and to check the effectiveness of windshield heaters [15, 21, 23],
to name but a few typical applications. In the medical field, cholesteric
liquid crystals have been used to observe surface blood flow patterns in
humans and as a diagnostic tool for the detection of breast cancer [23-25]
.
Cholesteric liquid crystals have also been used to study the characteristics
of laser beams and ultrasonic beams [26, 27]
.
Several investigators have employed liquid crystals as the temperature
transducer in engineering heat transfer studies. Raad and Myers [28] used
liquid crystals to observe nucleation sites in a study of pool boiling.
Ennulat and Fergason [29] employed a liquid crystal film as the display
device in a non-contacting thermal imaging system. Maple [30] studied
the transient and steady state temperature fields that develop on the
exterior of an active sonar transducer by coating the surface of the trans-
ducer with liquid crystals. Cooper and Groff [31], Katz and Cooper [32],
and Cooper and Petrovic [33] employed liquid crystals coated on thin
mylar sheets to observe the temperature fields produced by resistively
heated, radio- frequency , and cryosurgical cannulas, respectively.
The use of cholesteric liquid crystals in wind tunnel experiments
was first investigated by Klein [34, 35] in 1968. Prior to Klein's study,
however. Jones and Hunt [36, 37] employed a coating of temperature sensitive
material to obtain quantitative heat transfer information on aerodynamically
heated bodies. Kaufman, Leng and Johnson [38] used this technique in a
similar investigation of aerodynamically heated bodies. The temperature
sensitive coatings used in thermographic technique developed by Jones and
Hunt were not of the liquid crystal family, however. They were organic
substances that underwent an irreversible phase change, changing from an
opaque solid to a clear liquid, at known temperatures. The variation of
the local heat transfer coefficient on the surface of an aerodynamically
heated object is determined as follows. The surface of the object under
investigation is first coated with the temperature sensitive material. A
hypersonic flow is established in the wind tunnel. At time zero the model
is quickly introduced into the flow. The temperature sensitive coating
initially indicates a phase change on the portion of the object experiencing
the greatest aerodynamic heating rate. By taking motion pictures of the
model, the location of the phase change line can be determined as a func-
tion of time. The local convective coefficient is then determined by
matching the experimentally determined lines of constant temperature with
an analytical solution to the problem containing the convective coeffecient
as one of the parameters. The value of the convective coefficient that
brings theory and experiment into harmony is deemed the correct result.
Although a very clever concept, the thermographic technique developed
by Jones and Hunt suffers from several major drawbacks. The technique is
transient requiring that the ratio of thermal diffusion time to insertion
time be large. Further, the temperature sensitive materials exhibit an
irreversible behavior which means that only one experimental run can be
made per coating. Finally, since the technique is transient, motion pic-
tures must be taken of each experiment. This could become prohibitively
expensive if one wishes to conduct parameter studies.
The aerodynamic studies of Klein [34, 35] employed unencapsulated
cholesteric liquid crystals as the surface temperature sensor. The pri-
mary objective of Klein's work was to evaluate the feasibility of using
liquid crystals to determine the location of the laminar and turbulent
boundary layers that develop on wind tunnel aircraft models. The unencap-
sulated liquid crystals were applied directly to the model surface and, at
the appropriate conditions of free stream air temperature and velocity,
the portion of the model that was wetted with a turbulent boundary layer
exhibited a different color than its laminar counterpart. The difference
in color displayed by the liquid crystals resulted from the slightly higher
adiabatic wall temperature associated with the turbulent flow. Although
Klein was able to obtain such qualitative information using the liquid
crystal technique, he was unsuccessful in attempts to obtain accurate
quantitative data due to the adverse effects that surface contamination,
ultraviolet light and flow induced shear stress produced on the unencapsulated
liquid crystals. In a follow on study, Klein and Margozzi [39] attempted
to develop a technique for visually measuring shear stress by utilizing
the shear stress sensitivity of certain types of unencapsulated cholesteric
liquid crystals. Although they found that liquid crystals could be formu-
lated that were relatively sensitive to shear and insensitive to temperature,
they found it difficult to accurately interpret the color signal produced
by the crystals since the liquid crystal coating tended to flow and develop
a rough texture in response to the shearing effects of the flow. It was
concluded that while it appeared feasible to measure shear stress using
unencapsulated liquid crystals much additional research would be needed
to develop liquid crystals that would exhibit high shear sensitivity while
at the same time maintaining low temperature, angle and pressure dependence.
McElderry [40] , in an investigation similar in principle to the one
conducted by Klein, used encapsulated cholesteric liquid crystals as a
means of determining boundary layer transition on a flat plate placed in a
supersonic air stream. McElderry found that the encapsulated liquid crystals
produced color displays that were not affected by the adverse sensitivity
to shear and contamination that Klein had experienced with the unencapsulated
liquid crystals. McElderry also found that the colors displayed by the
encapsulated liquid crystals were relatively independent of viewing angle.
The motivation for the present investigation was prompted by McElderry's
success with the encapsulated liquid crystals. Because of the shear insensi-
tivity displayed by the encapsulated liquid crystals, it was felt that it
would be possible to develop a liquid crystal thermographic technique that
would allow direct visual determination of both quantitative and qualita-
tive heat transfer information on heated objects placed in forced convection
environments. With this as the primary goal, the present investigation was
undertaken.
III. EXPERIMENTAL APPARATUS
In the initial phase of this investigation, an acrylic tube wrapped
with Nichrome ribbon was used as the test cylinder. This cylinder had
been previously used by Meyer [6] in a study of the heat transfer charac-
teristics of a uniformly heated cylinder placed in a crossflow of air.
Several problems were encountered using the Nichrome wrapped cylinder and
an improved experimental procedure was established using a cylinder con-
structed from an electrically resistive carbon impregnated paper that
shall henceforth be referred to as "Temsheet. " Final data were collected
using the Temsheet cylinder as the experimental model.
Wind Tunnel
The experimental study was carried out using a low speed Aerolab
wind tunnel with a test section that was 81 cm high and 114 cm wide. The
tunnel had a four speed transmission and was powered by a 100 hp electrical
motor. The motor was capable of generating a maximum speed of 90 m/sec
with a clear test section. With the cylinder in the test section, however,
the peak speed was 77 m/sec. The turbulence intensity of the wind tunnel
was measured using a Thermo- Systems hot wire anemometer and its associated
electronic equipment. The turbulence intensity, which was measured in the
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clear test section, ranged from 0.5% to 0.7% over the range of speeds of
interest.
Nichrome Wrapped Cylinder
The test cylinder initially employed in the investigation was constructed
from an acrylic tube. It was 81 cm long and spanned the entire height of the
wind tunnel test section. It's 11.35 cm diameter and 0.76 cm wall thickness
were the final dimensions after being machined into round. The choice of
a relatively large cylinder diameter permitted sufficiently large Reynolds
numbers for examining both subcritical and critical flow regimes.
A circuit for generating a constant heat flux on the surface of the
cylinder was installed by helically wrapping Nichrome ribbon around the
circumference of the cylinder. The Nichrome ribbon was 0.95 cm wide and
0.008 cm thick, and exhibited an electrical resistance of 0.015 ohms per
cm of length.
To facilitate the wrapping process and to promote a smooth surface,
the cylinder was grooved one thread per cm, 0.95 cm wide and 0.013 cm deep.
This left a separation of only about 0.063 cm between individual wraps,
giving a close approximation to a uniformly heated surface. The ends
of the ribbon were led through slots from, and back into, the interior of
the cylinder where they were connected to power leads. The ribbon was
bonded to the cylinder with RTV-108 silicone rubber adhesive.
The main circuit consisted of 39 wraps and had a total resistance of
20.527 ohms. Variations in this resistance due to temperature changes were
negligible. As shown in Figure 1, the main circuit was located approximately
in the center of the cylinder, beginning 23.1 cm from the base and extending
38.4 cm up the length of the cylinder. A uniform surface heat flux was
generated by passing a known current through the main circuit. Two smaller
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guard heater circuits were installed above and below the main circuit.
These consisted of three wraps of Nichrome ribbon whose ends were led
through separate slots. Each pair of guard leads was connected to a sepa-
rate power supply. This arrangement allowed the guard heater circuits to
be controlled individually. The test section, which was designated as the
center wrap of the main circuit, was instrumented with four copper- cons tantan
thermocouples attached at 90 degrees intervals as shown in Figure 1. Four
additional thermocouples were used to control the guard heaters. Two of
these were located on the center wrap of the guard circuits. The remaining
two thermocouples were located near the edges of the main circuit and pro-
vided the comparative temperature information required for the guard heater
system to function.
Two static pressure pickups were installed in the cylinder wall as
shown in Figure 1. These were made of 0.1 cm (o.d.) stainless steel tubing,
and had an orifice of 0.08 cm (i.d.). In this way, surface pressure was
measured and input to one side of a U-tube water- filled manometer. The
manometer was referenced against the static pressure at the entrance of
the test section.
After the thermocouples and pressure taps were in place, the cylinder
was filled with Silastic, S-5370, RTV foam, a low density resilient silicone
rubber. The foam was easily poured into the cylinder and quickly expanded,
uniformly filling every crevice.
The foam proved to be an excellent thermal insulator, exhibiting a
-4 othermal conductivity of approximately 10 cal/cm- C-sec. Unfortunately,
a serious disadvantage of the foam was its large thermal capacity which
considerably increased the delay before reaching steady state conditions.
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Figure 1 Schematic of Nichrome cylinder.
13
The cylinder was mounted on a turntable base that could be rotated
from outside the wind tunnel. A disk that was marked every five degrees
rotated with the cylinder base allowing temperature difference and surface
pressure to be determined at any desired angular location.
Prior to embarking on the liquid crystal thermographic study, the
Nichrome wrapped cylinder instrumented with thermocouples was used to
investigate the heat transfer characteristics of a uniformly heated cylinder
placed in a crossflow of air. The details of that investigation can be
found in reference [6] . The initial experimental plan called for use of
the Nichrome cylinder to obtain heat transfer information using both the
thermocouple technique and the liquid crystal technique. The data obtained
using the liquid crystal technique were then to be compared to the data
collected with the thermocouples to gain a feeling for the accuracy of
the liquid crystal technique. This objective was only partially accomplished
for as our experiments progressed it became apparent that the large surface
irregularities which continued to develop on the Nichrome wrapping were
producing large uncertainties in the heat transfer results.
Temsheet Cylinder
A test cylinder that did not exhibit the large surface irregularities
displayed by the Nichrome wrapped cylinder was constructed from a commer-
cially produced, electrically resistive paper known as Armstrong Temsheet.
Temsheet is a thin, flexible, carbon impregnated paper containing no wires
or ribbons. The nominal thickness is 0.1 cm and the electrical resistivity
is approximately 2.5 ohm-cm. The heat that is generated when a constant
electrical current is passed through a square section of the paper is
uniform to within 2% from point to point.
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A hollow cylinder, with an outer diameter of 10.0 cm and a length
of 30.0 cm, was formed from a section of Temsheet. Prior to forming the
Temsheet into a cylindrical form, two strips of aluminum tape were attached
in parallel fashion to what was to be the inner surface of the cylinder.
One of the aluminum strips was placed 7.5 cm down from the top of the
Temsheet section and the other was placed 7.5 cm up from the bottom. This
left a 15 cm region between the strips. By attaching power leads to the
aluminum strips, the strips were made to serve as electrodes. A uniformly
heated test section was established by passing a constant electrical current
between the aluminum strips and the Temsheet, a silver based conductive
paint was applied along the inner edges of the strips.
To guard against free convection effects in the internal region of
the Temsheet cylinder, the cylinder was tightly packed with glass wool.
The glass wool also added a degree of structural rigidity to the cylinder
and aided in resisting deformation when an external velocity field was
applied around the cylinder.
The Temsheet cylinder was supported in the central section of the
wind tunnel with the aid of two wooden end pieces. These end pieces were
10.0 cm in diameter, 30 cm long, and were permanently attached to the
floor and ceiling of the wind tunnel. The end piece attached to the floor
of the wind tunnel had a 3.0 cm hole drilled through its axis through which
electrical leads could be passed. The last 5.0 cm on each end piece was
turned down approximately 0.125 cm. This small step in each end piece
allowed the Temsheet to be smoothly and firmly attached to the wood with
double backed tape.
The completed assembly presented a smooth, continuous cylinder, 81
cm in length and 10.0 cm in diameter, to the flow. Only the center 15 cm
15
of the Temsheet cylinder, however, was heated. No guard heating was
employed in this design. An elementary heat transfer analysis [41] indica-
ted that edge effects were significant only to within approximately 1 cm
of each electrode. As such, data were collected only within the central
10 cm of the 15 cm heated section.
IV. LIQUID CRYSTAL APPLICATION AND CALIBRATION
Application
The temperature distribution around the circumference of the Nichrome
wrapped cylinder was obtained by attaching tapes coated with encapsulated
liquid crystals around the circumference of the cylinder. A number of
tapes, each coated with a liquid crystal formulation that responded to a
different temperature, were attached at various axial locations on the
cylinder. Although it is possible to obtain commercially made liquid
crystal tapes, the tapes employed in the present set of experiments were
made by spraying Testor's flat black paint onto 2.5 cm wide Scotch double
coated tape, #404. Encapsulated liquid crystals, in slurry form, were then
applied to the blackened surface with the aid of a small brush. Two coats
of liquid crystals were applied. The entire composite was then sealed
with a coating of polyurethane. This procedure yielded a composite that
was approximately 0.020 cm thick. Of this total thickness, approximately
0.008 cm was due to the liquid crystal coating.
Applying the liquid crystals to the Temsheet cylinder proved to be
far easier and less time consuming than the procedure required for the
Nichrome wrapped cylinder. Since the Temsheet cylinder was black, there
was not need to apply black paint to the surface. Further, due to the
paper-like texture of the Temsheet, it was possible to apply the liquid
crystals directly to the surface of the Temsheet eliminating the need for
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tapes. Two coats of the slurry based encapsulated liquid crystals were
found to produce optimum color billiance. Figure 2 is a photo taken
through a scanning electron microscope of a piece of Temsheet partially
coated with encapsulated liquid crystals. Careful inspection of the photo
shows the liquid crystal coating to be composed of spheroids with diameters
on the order of 20-50 microns. It is also interesting to note the surface
texture of the Temsheet itself. Although smooth to the touch, it is seen
that the material is quite fibrous in nature.
Calibration
A water filled, Rosemount constant temperature bath, capable of
establishing and maintaining temperature to within 0.01 C accuracy, was
employed in the liquid crystal calibration procedure. The bath temperature
was monitored and controlled with a platinum resistance thermometer. The
eye was used to determine color. All liquid crystal formulations were
calibrated on a piece of the material to which they would be applied for
data collection. The liquid crystal coated substrates were enclosed in
small, clear plastic bags to seal them from the damaging effects of water.
The package was then suspended in the water bath. The temperature of the
bath was slowly raised until the event temperature range was reached. By
carefully adjusting the bath temperature, an accurate measure of the event
temperature corresponding first to the onset of red, then to green and
finally to blue was made. No attempt was made to determine shades of red,
green, or blue, simply their onset. The procedure was also reapeated in
reverse order by slowly lowering the bath temperature through the event
temperature range and noting the end of the blue, green and red displays.
Using this procedure, temperature and color were calibrated to within an
estimated accuracy of 0.1 C. Table 1 lists the calibration results. It
17
Figure 2 Photograph taken through an electron microscope of the Temsheet-
liquid crystal interface.
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should be noted that the observer who calibrated the liquid crystals also
made all color determinations during the actual experimental runs.
Table 1
Liquid crystal calibration results. Temperatures listed
refer to the onset of red, green, and blue, respectively.
Liquid Crystal Color Transition
















Initially, the temperature readings obtained using the liquid crystal
tapes placed on the Nichrome wrapped cylinder were compared with the thermo-
couple readings. The procedure outlined by Meyer [6] was used to bring
the cylinder to steady state conditions. It should be noted that the
relatively large thermal capacity of the foam which filled the inside of
the acrylic tube dictated a start-up transient on the order of 3 hours. Six
liquid crystal tapes were attached to the cylinder. Starting from the
uppermost liquid crystal tape and moving downward, the tapes were coated
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R-37, and R-33. Having reached steady state, the angular location of the
red, green and blue transition points on each tape were noted. Thermo-
couple readings were then taken at the forward stagnation point and
every 15 degrees of arc back to the rear stagnation point.
Due to the difference in location of the two types of temperature
transducers, a slight difference was expected in the temperature readings
indicated by the two. The thermocouples were attached to the inside of
the Nichrome ribbon while the liquid crystals were on the surface of the
tape. As such, a conductive resistance separated the two. An elementary
heat transfer analysis [41] indicated that a temperature difference on the
order of 1 C would exist between the two sensors. This indeed proved to
be the case. The tape coated with liquid crystal R-45 was located directly
over the portion of Nichrome ribbon which was instrumented with the thermo-
couples. The thermocouples acted as heat sinks and were easily found during
the warm-up period of the cylinder. By adjusting the power applied to the
Nichrome ribbon, a color transition could be forced to occur directly over
a thermocouple. When tape R-45 appeared red (42.7 C) , the thermocouple
indicated a temperature of 43.2 C. At the green (43.3 C) and blue (44.5 C)
color transition points, the thermocouple read 44.1 C and 45.3 C, respec-
tively. The difference between the two sets of readings varied from 0.5
to 0.8 C. Since this difference was close to the predicted temperature
drop across the conductive resistance, it was concluded that liquid crystal
tape R-45 was yielding accurate temperature information.
Unfortunately, it was not possible to accurately check the validity
of the temperature readings provided by the remaining 5 liquid crystal tapes.
As can be seen in Figure 3, large surface irregularities existed on the
surface of the cylinder. These surface irregularities caused local hot
20
Figure 3 Nichrome-wrapped cylinder instrumented with the liquid crystal
tapes. Note the presence of large surface irregularities.
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and cold spots to develop. These spots were easily seen while the cylinder
was warming up or when the cylinder was energized with no air flow. Further,
due to the surface protuberances, the flow pattern appeared to be drastically
altered. Local regions of turbulence appeared to be produced near the sur-
face of the cylinder in regions that would normally be associated with
laminar flow (0 to 80 degrees). These regions were visible as small regions
of pulsating liquid crystal colors directly behind the irregularity. To
further complicate matters, the number of surface irregularities increased
as the number of heating and cooling cycles increased. The result of these
irregularities was that a generator of the cylinder could not be considered
to be a line of flow or temperature constancy. As such, a temperature
recorded with a thermocouple at a given axial and angular location could
not be assumed to apply to the same angular location at a different axial
location. Seban [5] experienced a similar problem with surface irregularities
when studying the influence of turbulence on the heat transfer characteris-
tics of a Ni chrome wrapped cylinder.
T-.s three dimensionality of the flow field, and resultant two
dimensionality of the surface temperature distribution produced by the
surface irregularities which developed on the Nichrome ribbon, prompted
the design of the Temsheet cylinder. It should be noted, however, that
the two dimensionality of the temperature field did not preclude the use
of the liquid crystal thermographic technique. On the contrary, the
liquid crystals gave a vivid display of the isotherm positions. However,
one of the primary objectives of the investigation was to compare heat
transfer data obtained with the liquid crystal thermographic technique with
existing, accepted heat transfer results on a uniformly heated right circular
cylinder placed in crossflow. In order to be assured that the experimental
22
conditions would be consistent with those maintained by others, it was
necessary to employ a surface that was free of the large irregularities
exhibited by the Nichrome.
Temsheet Cylinder
A cylinder constructed of Temsheet was used to develop a consistent
method for obtaining accurate heat transfer data with the liquid crystals.
Two different Temsheet cylinders were employed in this phase of the investi-
gation. Both cylinders were of the design discussed previously. One
Temsheet cylinder was coated only with liquid crystal S-43. This coating
covered the entire 15 cm test section. The other Temsheet cylinder was
coated with a series of circumferencial strips of liquid crystals. The
strips were approximately 1 cm wide and were separated by 0.3 cm. The
strips were located in the central 10 cm of the 15 cm test section. Figure
4 shows a photograph of the cylinder coated with the liquid crystal strips.
As can be seen in the photo, reference marks were placed on the cylinder
at 5 degree intervals. This greatly facilitated data taking. Reading in
order from top to bottom, the following liquid crystal formulations were
applied to the cylinder: R-49, S-45, S-43, S-40, S-38, S-36, S-34, and
S-32.
Before proceeding with a description of the experimental procedure
employed with the Temsheet cylinders, a brief qualitative description of
the temperature distribution that exists on the surface of a uniformly
heated cylinder placed in crossflow will be given. This description will
prove helpful in describing and interpreting the liquid crystal results.
Flow past a cylinder may be classified as subcritical, critical,
supercritical or transcritical. Roshko [42] presents an excellent discussion
of the fluid flow phenomena associated with the various flow regimes. Since
23
Figure 4 Photograph of the Temsheet cylinder coated with the eight liquid
crystal bands. The colors displayed by the liquid crystals appear
as the light gray regions in the black and white photo.
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the present set of experiments examined Reynolds numbers ranging only
from approximately 40,000 to 150,000, only the subcritical and critical
flow regimes will be discussed here.
In subcritical flow, laminar hydrodynamic and thermal boundary layers
grow from a minimum thickness at the forward stagnation point on the cylin-
der to a maximum thickness at an angular location of approximately 80-85
degrees. At this location the kinetic energy of the fluid in the boundary
layer has been attenuated sufficiently due to frictional effects that the
developing adverse pressure gradient can no longer be overcome. As a result,
the laminar boundary layer separates and a turbulent wake develops.
Figure 5 depicts a typical subcritical flow pattern and the resulting
trends in both temperature and heat transfer coefficient on the surface of
a uniformly heated cylinder. Note that the maximum temperature exists at
the separation point. This corresponds to the point of maximum thermal
resistance, or minimum heat transfer coefficient. The ever decreasing
temperature profile on the rear side of the cylinder is due to the scrub-
bing action of the highly turbulent wake. It certainly must be noted that
the temperature profile depicted in Figure 5 on the rear side of the cylin-
der is an average profile. The actual profile is highly transient in
nature due to the continually changing flow pattern in the wake.
Critical flow is characterized by the growth of a laminar boundary
layer on the forward half of the cylinder just as in the subcritical flow
case. The laminar boundary layer separates in the region of 80-85 degrees
but, unlike the subcritical flow case, a subsequent transition to turbulent
state of flow occurs resulting in the reattachment of a now turbulent
boundary layer. This reattached turbulent layer ultimately separates at a










Figure 5 Sketch of a typical temperature distribution, T, that develops
on the surface of a uniformly heated cylinder that loses heat
in an amount q to a fluid stream. The fluid is at a uniform
temperature, T , and is moving with velocity U . The conditions
depicted are for subcritical flow as evidenced by the presence
of a laminar separation at an angle 9
.
26
the laminar separation point and the point of reattachment of the turbulent
boundary layer is sometimes referred to as a "separation bubble" [42-44]
.
Figure 6 depicts a typical critical flow pattern and the resulting
trends in both the temperature and heat transfer coefficient. Note that
unlike the subcritical flow case, there are now two local temperature
maxima. These exist at the location of the laminar and turbulent separation
points . The local minimum in temperature which occurs between the two
temperature peaks marks the point of reattachment of the turbulent boundary
layer.
For data collection, the Temsheet cylinder with eight liquid crystal
bands was installed in the wind tunnel. A reference thermocouple was
placed upstream of the cylinder and was used to monitor air temperature.
Air speed was monitored using a micromanometer that was attached in dif-
ferential fashion to static pressure taps in the settling chamber and test
section. The technique suggested by Pope [45] was used to correct the
measured free stream velocity for the effects of solid blockage and wake
blockage due to the presence of the model in the wind tunnel. Details can
be found in [6] and [41] . For the case of the Temsheet cylinder, the cor-
rection amounted to less than 3%.
Prior to starting the wind tunnel, the electrodes on the inner surface
of the Temsheet cylinder were attached to a power supply. The power supply
was energized and voltage was adjusted to bring the surface temperature of
the cylinder to a temperature of approximately 50 C. This caused all of
the liquid crystal bands to pass through their event temperature ranges.
Pre-heating the cylinder prior to initiating flow served three purposes.
First, it allowed the resistance of the 15 cm test section to be measured
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Figure 6 Sketch of a typical temperature distribution, T, that develops
on the surface of a uniformly heated cylinder that loses heat
in an amount q to a fluid stream. The fluid is at a uniform
temperature, T , and is moving with velocity U . The conditions
depicted are for critical flow as evidenced by the presence of
a laminar separation at an angle 8
, a separation bubble region,
a point of reattachment of a turbulent boundary layer at an
angle 9
, and a subsequent separation of the turbulent boundary
layer at an angle 6
st
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resistance was 12.0 ohms. This was within 0.1 ohms of the room temperature
resistance. Second, it allowed the uniformity of packing of the glass wool
filling the inner portion of the cylinder to be checked. Regions of non-
uniform packing showed up as local hot and cold spots on the surface of
the cylinder. These regions were adjusted prior to initiating flow.
Finally, pre-heating the cylinder reduced the time necessary to reach steady
state once the tunnel was started.
Having pre-heated the cylinder, flow was established in the wind
tunnel. Immediately after flow was initiated, the cylinder started to
cool. To counter this, the power supplied to the cylinder was increased
to maintain the hottest spot on the cylinder at 49.8 C. This corresponded
to the red transition point on liquid crystal R-49. Referring to Figures
5 and 6, it is seen that the hottest point on the cylinder occurs at the
point of laminar separation. In the range of Reynolds numbers studied in
the present investigation, 40,000 to 150,000, this point varied from 81
to 87 degrees. This is consistent with the location of laminar separation
points found by others [46]
.
Power was continually adjusted to maintain liquid crystal R-49 red
at the laminar separation point until steady state conditions were reached.
This usually occurred within fifteen minutes after flow was intiated in the
tunnel. At least 5 minutes were allowed beyond the time at which steady
state was judged to have been reached before data were collected.
It was found that the most accurate temperatures were found at the
beginning of the color transitions of the liquid crystals. In the regions
where temperature gradients were sharp, there was no problem in visually
determining the onset of the red, green and blue transitions. The particular
liquid crystal in the temperature range at these locations would undergo
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the red to green to blue transitions over a short distance. The point of
blue transition was particularly easy to locate.
The point of color transition near the forward and rear stagnation
points of the cylinder was much more difficult to locate. The temperature
gradients in these regions were quite shallow, particularly in the forward
stagnation region. It was not uncommon for a given liquid crystal to
exhibit approximately the same color over 15 to 20 degrees of arc. The
actual transition to a particular color usually was not apparent. The
uncertainty in interpreting temperature by color in such regions was on
the order of 0.5 C. This was improved on by adjusting the power level to
force a color transition in the particular region of interest.
For critical flows, the procedure for locating separation was
followed to locate the points of laminar separation, reattachment and
turbulent separation. The separation bubble manifested itself as a local
cool spot bounded by two local hot spots. In the present set of experiments,
such a cool region first appeared at a Reynolds number of 121,500. This
marked the onset of critical flow conditions. Only two critical flow
Reynolds numbers were examined, 121,500 and 148,000. At larger Reynolds
numbers, visible deformation occurred at the forward stagnation region on
the cylinder.
Precise temperature data were not obtained using the cylinder coated
entirely with liquid crystal S-45. This cylinder was used only to test




Figures 7 and 8 are sketches of typical liquid crystal displays









Figure 7 Schematic of a typical liquid crystal display. The conditions
depicted are representative of subcritical flow. The shaded








Figure 8 Schematic of a typical liquid crystal display. The conditions
depicted are representative of critical flow. The shaded regions
on each liquid crystal band represent color.
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a black and white reproduction of a colored photo taken of the heated
cylinder placed in subcritical flow. Although color is not evident in the
photo, on close inspection one can see small gray regions similar in location
to the shaded regions shown in Figure 7. These gray regions are the color
bands that are clearly evident to the naked eye and in colored photos and
movies.
The sketch shown in Figure 7 depicts the case where the power supplied
to the test section has been adjusted to force liquid crystal R-49 to turn
red at the point of laminar separation. At this particular power level,
liquid crystal S-45, which is located just below R-49, has been heated in
excess of its event temperature range along the separation line. However,
just forward and aft of the separation line the cylinder has been cooled
sufficiently by the flow to be in the event temperature range of S-45. As
such, the S-45 strip displays two separate regions of color. A similar
pattern exists on strips S-43, S-40, S-38 and S-36, but the spacing between
the colored regions continually widens. Due to the very mild surface tem-
perature gradient that exists near the forward stagnation region on the
cylinder, liquid crystal S-34 is depicted as displaying color over a very
large arc length. As has been previously discussed, precise color interpre-
tation was difficult in this region. Liquid crystal S-32 is depicted as
displaying only one colored region. This is because the region of the
cylinder near the rear stagnation point was normally cooled to lower
temperatures than a similar region near the forward stagnation point. As
such, the entire forward portion of the cylinder is depicted as existing at
temperatures greater than the event temperature of S-32.
The sketch shown in Figure 8 again depicts the case where the power
supplied to the test section has been adjusted to force liquid crystal R-49
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to turn red at the point of laminar separation. As can be seen, the entire
surface of the cylinder, with the exception of the laminar separation line,
exists at temperature below the event temperature of R-49. Liquid crystal
S-45 again yields color displays at two locations as was the case in sub-
critical flow. For the case of critical flow, however, liquid crystal
S-43 has been depicted displaying three colored regions. A glance at the
surface temperature distribution shown sketched just below the cylinder
indicates why. Unlike the subcritical flow case, after the laminar boundary
layer separates, a separation bubble develops followed by a subsequent
reattachment of a turbulent boundary layer. The turbulent boundary layer
thickens and ultimately separates producing the local temperature maximum
indicated by S-43. The trend in the liquid crystal displays around the
point of turbulent separation is identical to the trend in displays around
the laminar separation point. Accordingly, liquid crystals S-40 and S-38
have been depicted as showing four distinct colored regions. Liquid crystal
S-36, however, shows only three bands, the reason being that the event
temperature of S-36 is the minimum temperature in the separation bubble,
presumably the point of reattachment of the turbulent boundary layer.
Figures 7 and 8 have been presented for the purpose of explaining
the significance of typical liquid crystal displays. Various other dis-
plays were produced by adjusting the power supplied to the test section.
By carefully controlling the power level, a particular liquid crystal could
be forced to undergo a color transition at any desired location on the
cylinder surface. This allowed the Nusselt number signature on the cylin-
der to be determined in a nearly continuous fashion without the necessity
of rotating the cylinder.
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It should be noted that just aft of the point of laminar separation,
the surface temperature distribution was not steady. In the case of sub-
critical flows, the influence of the turbulent, scrubbing action of the
wake was readily apparent. The colors displayed by the liquid crystals
continually dimmed and glowed in response to the turbulence. Occasionally
an isotherm would suddenly be shifted in position by several degrees of
arc. A similar phenomena was observed in the wake of the cylinder in
critical flow. Additionally in critical flow, the separation bubble region
and the turbulent boundary layer also exhibited a degree of fluctuation.
In contrast, the liquid crystal displays prior to separation appeared
perfectly steady to the eye.
Local Nusselt and Froessling Numbers
The local wall heat flux was determined by dividing the power supplied
to the cylinder test section by the surface area of the test section. The
local heat flux was corrected for conduction and radiation effects using
a technique similar to the one employed by Giedt [47] . The local convec-
tive heat transfer coefficient, h, was obtained by dividing the corrected
local wall heat flux by the local surface temperature excess. The local
Nusselt and Froessling numbers were then calculated in the standard form:
Nusselt number, Nu = hD/k
Froessling number, Fr = Nu//Re
where
Re = Reynolds number = U D/v
D = Cylinder diameter
U = Corrected free stream velocity
oo *
k = Thermal conductivity (film temperature)
v = Kinematic viscosity (film temperature)
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Local Nusselt and Froessling numbers were obtained for Reynolds
numbers ranging from 38,000 to 148,000. Several runs were made at higher
Reynolds numbers, but the data were questionable due to the visible deforma-
tion that began to occur in the forward stagnation region of the cylinder
at Reynolds numbers in excess of 150,000. Evidence of a separation bubble
first appeared at a Reynolds number of approximately 121,500. As such,
considering the effects of deformation, it was only possible to collect
data on critical flow in the Reynolds number range 121,500 to 150,000.
Figure 9 is a plot of the angular variation of the Froessling number
versus Reynolds number as determined with the liquid crystal thermographic
technique. As can be seen, prior to separation the Froessling number is
independent of the Reynolds number. An uncertainty analysis was conducted
on the experimental results and it was found that the maximum uncertainty
in determining the Froessling number occurred in the forward stagnation
region. Using the method of Kline and McClintock [48] , it was estimated
that the experimental uncertainty in this region was 5%. The maximum
uncertainty in determining the angular location of a particular isotherm
was estimated to be 5 degrees of arc. Details of the uncertainty analysis
can be found in reference [41]
.
Comparison with the Work of Others
The angular variation of the Froessling number obtained with the
liquid crystal thermographic technique is compared with the experimental
results of Giedt [4], Seban [5] and Meyer [6] in Figure 10. Also shown
is a comparison of the present results with a theoretical prediction of
the Froessling number variation. The theoretical curve was generated
using the approximate technique recommended by Schuh [1] . Seban and Chan
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predicting the heat transfer coefficient in the laminar flow region on a
uniformly heated cylinder. All three models give approximately the same
results. It is noted that beyond approximately 60 the experimental results
and theory are no longer in good agreement. This was not unexpected. In
the absence of actual pressure data on the Temsheet cylinder, an ideal
pressure distribution was assumed in using Schuh's model. The use of the
actual pressure signature could be expected to produce closer agreement
between experiment and theory.
As can be seen, the agreement of the heat transfer results obtained
with the liquid crystals is generally within the estimated experimental
uncertainty when compared with the work of others. The results of Meyer
present the one notable exception, especially in the wake region of the
cylinder. As has been mentioned previously, however, large surface
irregularities developed on the surface of the cylinder used by Meyer
resulting in large uncertainties in Meyer's results.
Edge Effects
Figure 11 shows the isotherms that developed on the Temsheet cylinder
coated only with liquid crystal S-43. As can be seen, the isotherms are
vertical in the central region of the test section but tend to bend near
the edges of the test section. The curvature of the isotherms near each
electrode clearly indicates that heat^is lost by conduction in these regions.
These small edge effects were anticipated and data were not taken within
2.5 cm of each electrode.
Surface Roughness of the Temsheet
Figure 2 showed a magnified view of the liquid crystal-Temsheet com-
posite. If the tiny, spherical shaped encapsulated liquid crystals are
treated as surface roughness elements with average diameters of approximately
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Figure 11 Photograph of the Temsheet cylinder coated only with liquid
crystal S-43. The bending of the isotherms near the top and
bottom of the test section indicates the influence of end losses
on the temperature field.
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35 microns, an estimate of the critical Reynolds number can be made.
Auchenbach [49] suggests in the case of spherical roughness elements on
the surface of a circular cylinder that an equivalent sand gain roughness
be calculated as k = 0.55 (diameter of spheres). In our case, k/D = 20 x
— 6
10 . Using Auchenbach 's results for critical Reynolds number versus
roughness, one finds that this represents a very smooth cylinder. The
predicted critical Reynolds number is slightly in excess of 100,000. This
is consistent with the value of 121,500 observed in the present set of
experiments.
VII. SUMMARY
The liquid crystal thermographic technique developed in this investi-
gation provides an excellent means of obtaining both qualitative and quan-
titative heat transfer information on heated objects placed in forced
convection environments. Using the technique, it was possible to quickly
and easily obtain information on the variation of the Nusselt number around
the circumference of a uniformly heated right circular cylinder placed in
a crossflow of air. The technique also allowed one to visually observe
the effects of flow separation, the turbulent boundary layer, and the
turbulent wake on the surface temperature of the cylinder. Colored movies
taken of a cylinder coated with a single liquid crystal are especially vivid
in their display of the influence of the turbulent wake on the cylinder
surface temperature. In the wake region the liquid crystals continually
dim and glow in response to the "scrubbing" action caused by random bursts
of cool fluid impacting on a heated cylinder.
The ability to visually observe turbulent flow pattern effects on
surface temperature suggests an excellent means for studying the influence
of free stream turbulence on the heat transfer rates of heated objects.
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However, in order that such a study be conducted in a quantitative manner,
the thermal response time of the liquid crystals must first be determined.
Fergason [50] estimated that the response time of a typical cholesteric
liquid crystal film was on the order of 0.1 to 0.2 seconds. Parker [51],
however, using a capacitor discharge technique and employing high speed
photography, found that a 0.003 cm film of encapsulated cholesteric liquid
crystals coated on a thin stainless steel foil responded in 0.036 seconds
to a step change in the foil temperature. Parker also found that the res-
ponse time of the liquid crystal coatings appeared to be thermal diffusion
limited, increasing in proportion to the square of the thickness of the
coating. It is possible that a thin coat of liquid crystals coated on a
material such as Temsheet would respond even faster than a coating placed
on a metal substrate due to the fact that the liquid crystals appear to be
partially absorbed into the Temsheet. The ideal situation would be if the
liquid crystals responded at the same rate as the Temsheet itself. An
experiment, similar to the one conducted by Parker, needs to be conducted
to determine the response time of the liquid crystals coated on a Temsheet
substrate.
As a final recommendation, the phenomenon shown in Figure 12 is
offered as a possible topic for future investigation. During the final
phase of collecting wind tunnel data for the present investigation, it
was noted that the cylinder coated with liquid crystal S-43 displayed
alternate hot and cold spots along the separation line. These spots were
uniformly spaced and seemed to be caused by some flow phenomenon, perhaps
a series of vorticies. Whatever the cause, the hot and cold spots definitely
existed as is readily apparent in the photo. Precise measurements were not
taken at the time the phenomenon was observed (the Reynolds number was
42
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Figure 12 Photograph of the alternate hot and cold spots that developed
along the separation line of the Temsheet cylinder.
43
approximately 75,000) and no explanation is offered for its existence at
this time. It should be noted, however, that such a phenomenon may well
have gone undetected if thermocouples were used as the temperature sensors.
Additional research, perhaps using liquid crystals for temperature sensing
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